We study electron-phonon interaction and related transport properties of nodal line semimetal ZrSiS using first-principles calculations. We find that ZrSiS is characterized by a weak electronphonon coupling of the order of 0.1, which is almost energy-independent. Main contribution to the electron-phonon coupling originates from long-wavelength optical phonons, causing no significant renormalization of the electron spectral function. At the charge neutrality point, we find that electrons and holes provide a comparable contribution to the scattering rate. The phonon-limited resistivity calculated within the Boltzmann transport theory is found to be strongly directiondependent with the ratio between out-of-plane and in-plane directions being ρzz/ρxx ∼ 7.5, mainly determined by the anisotropy of carrier velocities. We estimate zero-field resistivity to be ρxx ≈ 12 µΩ·cm at 300 K, which is in good agreement with experimental data. Relatively small resistivity in ZrSiS can be attributed to a combination of weak electron-phonon coupling and high carrier velocities.
I. INTRODUCTION
Over the past decade, a novel class of threedimensional (3D) materials known as Dirac and Weyl semimetals has been discovered [1] [2] [3] [4] . These materials are often referred to as 3D graphene analogues because their electronic properties are similar to the properties of two-dimensional graphene [5, 6] . The electronic structure of 3D semimetals allows for the existence of gapless electronic excitations that are symmetry protected [7] . Unlike conventional semimetals, 3D Dirac materials demonstrate linear dispersion of the electronic spectrum forming a conical shape, similar to graphene. This gives rise to a large variety of unusual properties, being the subject of intensive research [8, 9] .
A special case of Dirac semimetals is the so-called nodal line Dirac semimetals [10] , where the set of Dirac points forms a continuous (nodal) line in the electronic band structure. Nodal line semimetals host large density of Dirac fermions that are favorable for the appearance of electron correlation effects [11] . Typical representatives of this class of materials are zirconium-based layered compounds with chemical formula ZrSiX, where X is a group VI element: S, Se, or Te. Among the ZrSiX family of compounds, ZrSiS is especially prospective material with a wide energy range of linearly dispersing bands reaching 2 eV. This makes this material an excellent candidate for studying Dirac fermions. ZrSiS has been extensively studied experimentally, demonstrating exotic physics and rich spectrum of remarkable properties [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Among them are strongly nested Fermi surface [12, 13] , strong Zeeman splitting [22] , topologically * a.rudenko@science.ru.nl † s.yuan@whu.edu.cn nontrivial states [14] [15] [16] , high carrier mobility [17, 18] , frequency-independent optical conductivity [23] , and unconventional mass enhancement of quasiparticles near the nodal line, as indicated by quantum oscillations measured in high magnetic fields [24] . The latter finding suggests the importance of many-body effects, which may contribute to the realization of exotic quantum states in this material. Particularly, it has been predicted that ZrSiS is a candidate for the formation of excitonic pairing [25] , while its counterpart ZrSiSe is predicted to host unconventional (d-wave) superconductivity [26] .
Despite a large number of experimental studies on ZrSiS, which include angle-resolved photoemission spectroscopy, scanning tunneling microscopy, optical probes, and high-field magnetotransport measurements, physical mechanisms behind the observable properties are still largely unclear. Moreover, some experimental studies report conflicting results, for instance, on zero-field resistivity [18, 22, 27, 28] , which is an issue to be resolved. Theoretical description of ZrSiS available in the literature is mostly limited to ground-state electronic structure calculations within density functional theory. Only a little attention from the theory side has been given to the problem of unusual optical properties [29, 30] , and many-body effects in ZrSiS [25, 26] . The nature of intrinsic transport properties as well as mechanisms responsible for high carrier mobility are not fully understood. The problem of lattice dynamics and electron-phonon coupling, which is supposed to be the main factor determining charge carrier scattering at room temperature, has only scarcely been addressed [31] [32] [33] [34] . At the same time, the scattering behavior (e.g., its doping-dependence) in nodal line semimetals is expected to be essentially different from that in conventional (semi-)conductors [35] . An in-depth microscopic understanding of the origin of the electron scattering and related phenomena in nodal line semimet-als constitutes an important step toward practical utilization of these materials.
In this work, we perform a systematic first-principles study of electron-phonon interactions and analyze its influence on the transport properties in bulk ZrSiS. We find that ZrSiS is characterized by a weak electron-phonon interaction with the coupling constant λ ∼ 0.1, being almost independent of charge doping. The dominant contribution to the coupling originates from longwavelength optical phonons. The electronic spectrum undergoes no significant renormalization in the presence of electron-phonon interaction, and is only distinguished by a finite linewidth. Around the charge neutrality point, electrons and holes in ZrSiS show similar contribution to the scattering rate, which exhibits a pronounced Vshape as a function of energy. The phonon-limited resistivities calculated within the semiclassical Boltzmann theory demonstrate strong anisotropy between the inplane and out-of-plane crystallographic directions, with the ratio ρ zz /ρ xx ∼ 6.3-8.8 depending on the doping level. Transport anisotropy is attributed to an essentially anisotropic carrier velocities, rather than to the anisotropic electron-phonon scattering. The in-plane resistivity is estimated to be ρ xx ≈ 12 µΩ·cm at 300 K, being in good agreement with experimentally measured values (14-16 µΩ·cm) [15, 16, 18, 36] . Relatively small resistivity can be attributed to weak electron-phonon coupling and high carrier velocities in ZrSiS.
The rest of the paper is organized as follows. In Sec. II, we describe basic theory and provide computational details. In Sec. III, our results and related discussion is presented. In Sec. IV, we summarize our findings and conclude the paper.
II. THEORY AND COMPUTATIONAL DETAILS
In the semiclassical Boltzmann theory [37, 38] , the ααcomponent of the conductivity tensor has the form
where V is the sample area, v α nk is the α-component of the group velocity for band n and wave vector k, ε nk is the corresponding electron energy,
is the electron occupation factor, and τ nk is the momentum-dependent scattering relaxation time. The latter can be related to the inverse linewidth of band n at wave vector k,
which is expressed here via the imaginary part of the electron self-energy Im(Σ nk ), and also known as the selfenergy relaxation time approximation [39] . In the presence of electron-phonon coupling, the self-energy can be calculated within the Migdal approximation [40] , leading to the following expression on the real frequency axis [41] :
where n qν is the occupation factor of a phonon with wave vector q, branch index ν, and frequency ω qν , and
is the electron-phonon matrix element. Here, ∂ qν V is the derivative of the self-consistent electronic potential, and ψ nk is the Bloch function for band n and wave vector k.
For a single phonon mode ν with wave vector q, it is convenient to define a dimensionless electron-phonon coupling averaged over the Fermi surface states with the density of states N (ε F ) = nk δ(ε nk − ε F ) as
from which one can estimate the phonon linewidth as Im[Π qν ] = πN (ε F )λ qν ω 2 qν . From Eq. 5, one can also obtain a spectral representation of the electron-phonon Electron DOS   0   10   20   30   40 50 interaction, known as the Eliashberg spectral function:
Density-functional theory (DFT) electronic structure calculations and structural optimization were performed in this work by means of the plane-wave quantum espresso (qe) code [42] , using norm-conserving pseudopotentials [43, 44] . Exchange and correlation were treated within the local density approximation (LDA) [45] . The kinetic energy cutoff for plane waves was set to 70 Ry, the Brillouin zone (BZ) was sampled with a (14 × 14 × 6) Monkhorst-Pack k-point mesh [46] , proved to be sufficient to achieve numerical accuracy. The crystal structure was fully relaxed with a threshold of 1 × 10 −12 eV for total energies and 1 × 10 −12 eV/Å for forces. The electron-phonon matrix elements were calculated using density functional perturbation theory (DFPT) [47] as implemented in qe. The Brillouin zone for phonons within DFPT was sampled by a (7 × 7 × 3) q-point mesh, and the self-consistency threshold of 1 × 10 −16 eV was used. In order to achieve numerical accuracy of the Brillouin zone integrals related to the electron-phonon coupling, we used an interpolation scheme based on the maximally-localized Wannier functions [41, 48] . To this end, we focused on low-energy electronic states of ZrSiS, and constructed a minimal tight-binding (TB) model described by a (3 × 3) Hamiltonian matrix, which is sufficient to accurately reproduce the electronic states in the vicinity of the Fermi energy. The electronic self-energy was calculated on a (144 × 144 × 32) k-point and (32 × 32 × 12) q-point mesh, whereas different meshes were used to calculate the electron-phonon coupling strength and the Eliashberg function: (384 × 384 × 32) and (24 × 24 × 8), respectively. The Wannier functions were constructed by means of the wannier90 code [49] , and the interpolation was performed within the epw package [50] . The XCrys-Den package was used to generate the crystal structure and the Fermi surface [51] .
III. RESULTS AND DISCUSSION
ZrSiS is a layer crystal with tetragonal symmetry (point group D 4h ), schematically shown in Fig. 1 . Each layer of ZrSiS is composed of Si atoms sandwiched between Zr and S atoms, and the unit cell contains 6 atoms. The lattice parameters optimized within LDA read a = 3.47Å and c = 7.92Å. In Fig. 2(a) , we show the band structure of ZrSiS and the corresponding electron density of states (DOS) calculated using DFT-LDA and a three-band TB model constructed from the Wannier functions as described in Sec. II. The electronic structure of ZrSiS features linearly dispersing bands in the vicinity of the Fermi energy, crossing each other along multiple directions in the Brillouin zone, forming a set of continuous nodal lines (loops) in k-space. Above the Fermi energy, there is a parabolic band at the Γ point, as well as along the Z-R direction, which is expected to influence the charge carrier scattering in ZrSiS under electron doping, and also in the presence of tensile strain applied along the stacking direction [30] . The constructed TB model accurately describes the DFT bands Fig. 3 . The phonon dispersion and the corresponding DOS are shown in Fig. 2(b) , being in agreement with earlier studies [31] [32] [33] [34] . One can see three acoustic branches with the linear dispersion ω q ∼ |q|, and a series of optical branches ranging from 10 to 50 eV. Since the systems is anisotropic, the dispersion of acoustic modes is strongly dependent on phonon polarization. For phonons propagating in the [001] direction (z), the sound velocity v z s = ∂ω(q)/∂q z | q=0 is estimated to be 6.8 and 4.3 km/s for out-of-plane and in-plane polarizations, respectively. Along the [100] propagating direction, these values are roughly 10% higher. The optical phonons in ZrSiS are characterized by a number of flat branches, which give rise to several peaks (van Hove singularities) in phonon DOS. In the energy region between 20 and 25 meV there are two sharp peaks originating from low-energy optical branches associated mainly with Zr vibrations. These branches are expected to provide a significant contribution to phonon population at room temperature, as can be deduced from the phonon distribution function depicted along with DOS in Fig. 2(b) . In the same figure, we also show a broadening of phonon lines shown together with the noninteracting dispersion. The maximum linewidth is observed for optical phonons with small wave vectors, but with energies ω qν > 30 meV, indicating relatively small population of interacting states at room temperature and below.
We now turn to the electron-phonon coupling in Zr-SiS. In Fig. 4(a) , we show the electron-phonon coupling strength λ q resolved over the Brillouin zone. One can see that the main contribution corresponds to the coupling with long-wavelength phonons, maximizing λ q around the Γ point. This behavior can be attributed to the structure of the Fermi surface, which exhibits elongated electron and hole pockets ( Fig. 3) , favoring transitions with small momentum transfer. Although one may expect strong nesting effects from the diamond-shaped Fermi surface [15] , these effects are not pronounced in the electron-phonon coupling, indicating small interaction weight at the corresponding momentum transfers. Fig. 4(b) shows the Eliashberg function of ZrSiS, which closely follows phonon DOS, suggesting weak electronphonon coupling and the absence of any significant manybody renormalization. Indeed, the integrated electronphonon coupling constant λ * = q λ q ≈ 0.14 is small, leading to a negligible mass enhancement m * /m = 1+λ * . The coupling constant is weakly dependent on the Fermi energy, as it is shown in Fig. 4(c) . It is worth noting that similar small values for λ have been recently reported in Ref. [34] yet obtained from a simplified model taking only one optical phonon mode into account focusing on the surface states of ZrSiS. Weak electron-phonon coupling is favorable in terms of charge carrier transport as it generally ensures low scattering rate. On the other hand, weak coupling suppresses phonon-mediated electron pairing, playing a key role in conventional superconductivity. The calculated electronphonon coupling constant λ allows one to make a rough estimate of the superconducting transition temperature within the Allen and Dynes formula [52] . Based on this estimation, we conclude that phonon-mediated superconductivity is unlikely in ZrSiS even at the µK temperature scale. This finding is consistent with the experiments, observing no superconductivity down to 2 K even at high pressure up to 20 GPa [27] . We note that this does not exclude other pairing mechanisms (e.g., excitonic pairing), which may become relevant at low enough temperatures [26] .
Let us now discuss the influence of the electron-phonon interaction on the electronic structure. Fig. 5 shows doping dependence of the electron spectral function calcu- lated in the presence of electron-phonon coupling in ZrSiS for two characteristic temperatures: T = 100 K and 300 K. As it is expected from small electron-phonon coupling strength, the spectral function closely resembles noninteracting bands shown in Fig. 2 . Apart from the finite linewidth, one can see prominent kinks in the band structure, clearly distinguishable at T = 100 K. Rigid-shift doping does not lead to any significant modification of the spectral function, despite some variation of the electronphonon coupling strength [ Fig. 4(c) ]. In the relevant energy region, the linewidth is essentially independent of k, showing no anomalies near the nodal lines. This indicates that electron-phonon scattering in ZrSiS is similar along different directions. In the vicinity of the Fermi energy, the imaginary part of the self-energy Im[Σ nk (ω, T )] at T = 300 K varies between 10 and 25 meV depending on the k-point and band index n, whereas at T = 100 K the variation reduces to 0.7-1.5 meV.
The electronic self-energy resolved over the Brillouin zone allows us to restore the energy dependence of the electron and hole scattering rates. To this end, we average τ −1 nk given by Eq. (2) over the states with a constant energy, as
where N (ε) is electron DOS at energy ε. We note that, generally speaking, ε in Eq. (7) does not have the meaning of the Fermi energy because τ −1 nk being a function of k is determined by the Fermi energy [see Fig. 5 ]. In Fig. 6(a) , we show the averaged scattering rate calculated separately for holes and electrons in ZrSiS as a function of energy for T = 100 K and 300 K. For the temperatures considered, we observe similar energy dependence with the main difference being the magnitude of the scattering rate. The hole and electron curves are almost symmetric, and cross near the zero energy. Thus electrons and holes provide nearly equal contribution to the scattering rate, which is not surprising because both states have comparable weight at the Fermi surface [see Fig. 3 ]. It is interesting to note that the electron-hole symmetry in ZrSiS can be broken by uniaxial strain applied along the [001] direction [30] . The energy-depenence of the scattering rate exhibits a monotonic behavior, which is almost linear at T = 300 K, but shows small deviations in the vicinity of the zero energy at T = 100 K. Overall, the energy-dependence resembles electron DOS, which is not unusual for the case of weak electron-phonon coupling. Quantitatively, the room temperature scattering rate in ZrSiS is comparable with that in typical noble metals (e.g., copper) [53] .
In the inset of Fig. 6 one can see temperaturedependence of the scattering rate shown for ε = ε F . The dependence mainly stems from the phonon occupation factor n qν (T ) entering the expression for self-energy [Eq. (3) ]. In the temperature range considered, phonons can be considered classically, meaning n qν ≃ k B T /hω qν and ensuring linear dependence of the electron linewidth Im[Σ qν (T )] with temperature. At T < ∼ 100 K one can see deviations from the linear dependence related to the low-T behavior of the phonon distribution. The obtained dependence is in agreement with experiments on zero-field resistivity in ZrSiS measured at various temperatures (e.g., see Ref. 16 ). Here, we do not explicitly consider low-T range mainly because the Boltzmann transport theory is limited in this regime. Also, other scattering mechanisms become dominant at low T , such as electronelectron and electron-impurity scattering. Nevertheless, it is interesting to extrapolate the data to the zero temperature limit, after which we obtain a finite scattering rate. This can be understood as a residual scattering on zero-point vibrations, allowed by the approximation for self-energy [Eq. (3)] used in this work. Our estimation of the corresponding relaxation time yields τ 0 ≈ 0.25 ps, which is an order of magnitude larger than the value obtained from the Hall measurements in Ref. 28 . Expectedly, zero temperature scattering is likely to be governed by other mechanisms. Apart from obvious scattering sources like impurities or defects, electron-electron interaction could be especially important in ZrSiS at low T because it may cause considerable renormalization of the electron energy spectrum [24, 25] . We also note that under realistic experimental conditions, surface states might provide a nonzero contribution to the scattering, especially in thin samples, as suggested by recent reports on surface chemistry in ZrSiS [54] .
Apart from the scattering rate, transport properties are largely determined by the carrier velocities. In Fig. 6(b) , we show energy-dependence of the averaged carrier velocities in ZrSiS calculated along the in-plane [100] and out-of-plane [001] directions of the crystal. In both cases, the energy-dependence is weak, and the anisotropyv x /v z varies between 2 and 3 depending of the energy. Along the in-plane direction, the obtained values are around 0.4×10 6 m/s, which is somewhat smaller than the Fermi velocity in graphene. It should be noted that the DFT values for the carrier velocity may be underestimated. In graphene, many-body corrections applied at the GW level of theory lead to a ∼17% enhancement of the Fermi velocity [55] . Similar magnitude of renormalization has recently been obtained for a similar node-line semimetal ZrSiSe [56] . Since the conductivity is quadratically dependent on the carrier velocity [Eq. (1)], we expect that the resistivity calculated in our work is likely overestimated by up to 30% compared to GW calculations. It is worth noting, however, that this expectation is not consistent with experimental observations, suggesting a suppression of the carrier velocities in ZrSiS [24] and ZrSiSe [56] , at least in the low-T regime.
Finally, we consider resistivities and their dependence of the rigid shift doping (Fermi energy). In Fig. 7 , one can see the resistivities ρ = 1/σ calculated along the [100] and [001] directions in ZrSiS. The in-plane resistivity ρ xx is weakly dependent on the Fermi energy with the minimum values being 3.3 and 12.2 µΩ·cm at T = 100 and 300 K, respectively. In contrast, the out-of-plane resistivity ρ zz exhibits a more pronounced energy-dependence, varying by more than factor of 2 in the considered energy range. At the neutrality point, out-of-plane resistivity values are significantly higher, reaching 20.8 and 75.7 µΩ·cm for T = 100 and 300 K, respectively. The corresponding anisotropy ratio is ρ zz /ρ xx ∼ 6.3-8.8 depending on the energy and temperature considered.
It is instructive to compare the calculated resistivity with experimental data, which are broadly presented in the literature. The measurements of zero-field resistivity are mostly limited to the in-plane direction, demonstrating a rather large spread of values. Most of the experimental studies report in-plane resistivity in ZrSiS at room temperature to be around 15 ± 1 µΩ·cm [15, 16, 18, 36] . These values are in good agreement with our calculations (12.2 µΩ·cm), keeping in mind possible underestimation of the carrier velocity and the fact that only electron-phonon scattering mechanism is taking into account. Some studies, however, report considerably lower values: 8 [ 36 makes us believe that those findings are less reliable as far as pristine ZrSiS is concerned. Giant anisotropy could point to possible contamination between the layers, typical to van der Waals heterostructures [57] , resulting in an enhanced electronimpurity scattering along the [001] direction.
IV. CONCLUSION
To conclude, we have performed a first-principles study of electron-phonon interactions and related transport properties in nodal line semimetal ZrSiS. To this end, we used density functional perturbation theory in combination with the semiclassical Boltzmann transport formalism. We found that electron-phonon interaction in ZrSiS is weak, with the coupling constant λ ∼ 0.1, being virtually independent of external doping. Main contribution to the interaction originates from long-wavelength optical phonons, mainly associated with Zr vibrations. The electron spectral function calculated within the Migdal approximation shows no significant renormalization in the presence of electron-phonon interaction, and is only characterized by a finite linewidth compared to the noninteracting spectrum. While the scattering rate is found to be essentially independent of the direction of electron propagation, the carrier velocities are strongly anisotropic between the in-plane [001] and out-of-plane [001] directions. This gives rise to a pronounced anisotropy in the transport properties, with the resistivity ratio around ρ zz /ρ xx ∼ 7.5. Quantitatively, the phonon-limited zerofield resistivity along the in-plane direction is estimated to be ρ xx ≈ 12 µΩ·cm at room temperature, which has a comparable contribution from both hole and electron carrier channels. The relatively low value can be directly attributed to a combination of weak electron-phonon coupling and high carrier velocities. Overall, the obtained values are found to be in good agreement with available experimental data, though a notable discrepancy between the experimental results of different research groups should be mentioned. As in conventional metallic conductors, low resistivity in ZrSiS excludes electronphonon coupling from being a mechanism for superconductivity at any realistic temperatures.
Our study constitutes a step forward toward microscopic understanding of charge carrier scattering and transport properties in ZrSiS, and may be useful for further theoretical and experimental studies of electronic transport properties of this material and its analogues.
